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HindbrainPioneer longitudinal axons grow long distances parallel to the ﬂoor plate and precisely maintain their
positions using guidance molecules released from the ﬂoor plate. Two receptors, Robo1 and Robo2, are critical
for longitudinal axon guidance by the Slit family of chemorepellents. Previous studies showed that
Robo1−/−;2−/− double mutant mouse embryos have disruptions in both ventral and dorsal longitudinal
tracts. However, the role of each Robo isoform remained unclear, because Robo1 or 2 single mutants havemild
or no errors. Here we utilized a more sensitive genetic strategy to reduce Robo levels for determining any
separate functions of the Robo1 and 2 isoforms. We found that Robo1 is the predominant receptor for guiding
axons in ventral tracts and prevents midline crossing. In contrast, Robo2 is the main receptor for directing
axons within dorsal tracts. Robo2 also has a distinct function in repelling neuron cell bodies from the ﬂoor
plate. Therefore, while Robo1 and 2 have some genetic overlap to cooperate in guiding longitudinal axons,
each isoform has distinct functions in speciﬁc longitudinal axon populations.niversity of Nevada, Reno, NV
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Longitudinal axons connect anterior and posterior regions of the
central nervous system. These tracts are established early in
embryonic development as a scaffold for subsequent axons (Chedotal
et al., 1995; Easter et al., 1993; Easter et al., 1994; Mastick and Easter,
1996). Several populations of longitudinal axons form parallel tracts
at a range of speciﬁc dorsal and ventral positions. Although several
molecules that guide longitudinal axon have been identiﬁed, how
these molecules act to direct these different populations of axons is
unclear.
The Slit chemorepellents are critical signals from the ventral
midline that guidemany axons, particularly commissural axonswhich
cross themidline and then turn longitudinally (Brose et al., 1999; Kidd
et al., 1999). The vertebrate Slit receptors Robo1 and Robo2 have
distinct expression patterns in subpopulations of post-crossing
commissural axons that suggest roles in positioning axons into
distinct longitudinal tracts. Robo1 is expressed in both ventral and
lateral tracts, whereas Robo2 is expressed laterally (Long et al., 2004).
Mutations in either Robo change the cross-sectional area of the tracts:
Robo1 mutations result in increased axons in lateral tracts, and Robo2
mutations result in increased axons in ventral tracts (Long et al., 2004;
(Jaworski et al., 2010). In addition, Robo1 mutations increase axon
stalling within the ﬂoor plate (Jaworski et al., 2010; Long et al., 2004).Similar to post-crossing commissural axons, Robo1 and Robo2
mediate Slit guidance of pioneer longitudinal axons in mouse
embryos (Farmer et al., 2008). Robo1−/−;2−/− double mutants have
widespread errors in longitudinal tracts, including midline crossing
and wandering (Farmer et al., 2008). However, Robo1 or Robo2 single
mutants were less informative, as the ventral-most tract was only
mildly defasciculated in Robo1 mutants and no longitudinal tract
defects were apparent in Robo2 mutants (Farmer et al., 2008). The
failure of homozygous mutants for either Robo gene to reveal distinct
functions suggested two possibilities: Robo1 and 2 share genetically
overlapping functions in pioneer longitudinal axons, or they have
separate functions that could only be detected using a more sensitive
genetic strategy.
To investigate the distinct roles of Robo1 and Robo2 in guiding
pioneer longitudinal axons, we generated mutant mice which
carried a single wildtype allele of either Robo1 or Robo2 in a
homozygous mutant background for the other Robo gene, i.e.
Robo1+/−;2−/− and Robo1−/−;2+/−. These mutants are a sensitive
approach to distinguish the functions of Robo1 and Robo2 because
they have only one functional Robo allele. Furthermore, the strong
and diverse phenotypes of Robo1−/−;2−/− double mutants may be
restored to wildtype axon patterns by the inclusion of a single
wildtype Robo1 or Robo2 allele, revealing the separate functions of
each Robo. Using this genetic strategy, we found that Robo1 and
Robo2 have distinct roles in guiding pioneer longitudinal axons:
Robo1 acts to guide axons in ventral tracts and Robo2 in dorsal tracts.
In addition, Robo2 unexpectedly acts to keep neuron cell bodies out
of the ﬂoor plate.
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Mouse embryos
Wildtype CD-1 mice (6–8 weeks old) were purchased from Charles
River Laboratories (Wilmington, MA USA). Mice were maintained and
the experiments carried out in accordance with the National Institutes
of HealthGuide for theCare andUse of Laboratory Animals. All protocols
were approved by University of Nevada, Reno Institutional Animal Care
and Use Committee. The animals were anesthetized by CO2 inhalation
and killedbydecapitation. Embryonic day 9.5 (E9.5) and E10.5 embryos
were obtained via uterine dissection. The Robo mutant strain was a gift
of Marc Tessier-Lavigne, Genentech. PCR genotyping was performed as
previously described (Grieshammer et al., 2004; Plump et al., 2002).
Immunohistochemistry
For whole-mount immunolabeling, embryos were ﬁxed in 4% PFA
overnight and prepared by dissecting out the neural tube and washing
for several hours in PBS containing 10% FBS and 1% Triton X-100 (PBST).
Primary antibodies (rabbit anti-βIII-tubulin (Covance), rabbit anit-Robo1
and Robo2) were applied in PBST for 2–3 days. After washing in PBST
overnight, secondary antibodies (Jackson Immuno Laboratories) were
applied in PBST for 2–3 days, followed by overnight washes. For cryostat
section immunolabeling, embryos were embedded in sucrose/gelatin,
and then sectioned at 14 μmusing a cryostat (Leica). Tomelt gelatin off of
tissue sections, slides were placed in warm (37–45 °C) 0.1 M phosphate
buffer for a couple of minutes. Sections were washed for 30 min to an
hour in PBST (0.1% Triton X-100). Primary antibody was applied, and
then slides incubated in a humidiﬁed chamber for 4 h to overnight. After
washing several hours in PBST, secondary antibodies were applied for
2 h, followed by several washes.
DiI labeling
To trace ventral or dorsal bundles, embryos were ﬁxed in 4% PFA
overnight. Embryos were dissected using ﬁne forceps to gently
remove the skin and mesenchyme, just over the target site. Small
crystals were inserted using a ﬁne tungsten needle under a dissectingFig. 1. Robo1 is highly expressed in ventral tracts and Robo2 is highly expressed in dorsal tra
labeling of pioneer longitudinal axons. A. Robo1 antibody labeling at E10.5, showing longitu
embryo to show the higher levels of Robo1 labeling on single ventral MLF axons. D. Robo2 ant
Robo2 labeling on single dorsal LLF axons. C, F. Schematic diagram of Robo expression in diffe
shown with thicker lines and larger font. Scale bars: A, D, 100 μm; B, E, 25 μm.microscope. The embryos were placed in 37 °C incubator for 1–2 days
in 4% PFA to allow the dye to diffuse, and then examined by
ﬂuorescence microscope.
Quantiﬁcation of MLF and LLF trajectories' defects
The distance between MLF bundles and the midline was used to
quantify position of MLF tracts. TIFF images of βIII-tubulin labeled
embryos at E10.5 were imported and the distances were measured by
Image J (Meijering et al., 2004). Varying sizes of embryos were
normalized by the embryo width at MHB. The number of axons in the
ﬂoor plate and crossing the midline was counted under a ﬂuorescence
microscope from βIII-tubulin labeled whole mount embryos at MHB.
The number of cell bodies in the ﬂoor plate was measured under a
ﬂuorescence microscope from cryostat sections at MHB. The density of
MLF ﬁbers was measured from diI labeled images using the plot proﬁle
tool of Image J. Using plugin tools, grids were drawn on the image to
create standard lines for measurement. These lines were then analyzed
for their pixel gray levels to illustrate the distributionof theMLFbundles
startingwith those closest to the ventral midline going out to the dorsal
edge. These measurements were taken from three different locations
along the length of the MLF bundles and then averaged.
The distance and the angle between LLF axons and the midline
were used to quantify LLF positioning. The measurements were
performed from βIII-tubulin labeled embryos at E10.5, with varying
stages of embryos normalized by embryo width.
Data are expressed as means±S.E.M. Data sets were tested for
signiﬁcance using student t-test to analyze two groups. Data are
considered signiﬁcantly different from the control values when pb0.05.
Results
Robo1 is highly expressed in ventral tracts and Robo2 is mainly
expressed in dorsal tracts
As a ﬁrst step to evaluate the separate functions of Robo1 and
Robo2 in pioneer longitudinal axon guidance, we examined the
receptor expression in different populations of the longitudinal tracts
by antibody labeling. The longitudinal pioneer axon populationscts. Open-book preparations of E10–10.5 embryos, showing Robo1 and Robo2 antibody
dinal tracts in posterior midbrain and anterior hindbrain. B. Close-up of an earlier E10
ibody labeling at E10.5. B. Close-up of an earlier E10 embryo to show the higher levels of
rent populations of pioneer longitudinal axon trajectories with axons with higher levels
183M. Kim et al. / Developmental Biology 358 (2011) 181–188consist of the ventral-most tract, the medial longitudinal fascicle
(MLF) which is adjacent to the ﬂoor plate, and the dorsal most tract,
the lateral longitudinal fascicle (LLF), as well as longitudinal axons at
intermediate positions, the ILF. Robo1 was expressed at highest levels
in the MLF and somewhat lower levels in the ILF and LLF (Fig. 1A–C).
Robo2 was highly expressed in the LLF, and but could also be detected
in the ILF and MLF (Fig. 1D–F). The speciﬁcity of Robo antibodies was
determined by labeling single Robo mutants — i.e. Robo1−/− or
Robo2−/− (Supplementary Fig. 1). Robo1 labeling was absent in
Robo1mutants, with the exception of weak remnant labeling in dorsal
axons in midbrain (the tmesV tract). On the other hand, Robo2
labeling was entirely gone in Robo2mutants. The wildtype Robo1 and
Robo2 expression patterns indicate that Robo1 and Robo2 are widely
co-expressed in longitudinal axons, but that their levels vary within
the populations. This suggests that Robo1 and Robo2 may have
distinct functions within axons at different positions, while also
overlapping in their genetic functions.
Robo1 and Robo2 together are strongly required to set the position of
both ventral and dorsal longitudinal tracts
To examine the distinct roles of Robo1 and Robo2 in guiding pioneer
longitudinal axons, we generated mice that lacked Robo2 and wereFig. 2. Robo1 sets ventral axon trajectories and Robo2 sets dorsal axon trajectories. Open-bo
tracts. A–D. βIII-tubulin antibody labeling in Robo1+/+;2+/+, Robo1−/−;2−/−, Robo1+/−;2−/−
MLF bundle from the yellow boxes of ﬁgure A–D, showing Robo1+/−;2−/− has fasciculated M
showing Robo1−/−;2+/− has normal LLF axon path. A‴–D‴. Schematics of MLF and LLF tract
tick and thin arrows indicating common and rare axon paths. Scale bars: A–D, 200 μm; A′–heterozygous for Robo1, i.e. Robo1+/−;2−/−, as well as mice that lacked
Robo1 and were heterozygous for Robo2, i.e. Robo1−/−;2+/−. Data sets
are presented in the ﬁgures with four different genotypes of mice:
Robo1+/+;2+/+ aswildtype controls,Robo1−/−;2−/− to show the effects
of lacking both genes, and Robo1+/−;2−/− and Robo1−/−;2+/− to assess
the ability of a single copy of a wildtype allele of either Robo isoform to
restore normal axon trajectories. For these sets of genotypes, we
characterized longitudinal axonal phenotypes focused on ventral and
dorsal populations. To reveal the overall patterns of pioneer longitudinal
axons, we used neuron-speciﬁc βIII-tubulin antibody at E9.5 and 10.5
when those axons were ﬁrst established during embryonic develop-
ment (Mastick and Easter, 1996). In addition, to selectively tract ventral
or dorsal axons, lipophilic diI crystals were employed at E10.5
(Supplementary Table 1).
The wildtype MLF and LLF tracts were established by E9.5 (Fig. 2).
In wild type, MLF axons had trajectories parallel to the midline. The
tracts had fasciculated bundles, reaching posteriorly to the midbrain
hindbrain boundary (MHB) (Fig. 2A, A′). LLF axons intermingled
around the MHB and then projected fasciculated bundles to
rhombomere 4 (r4) (Fig. 2A, A″). βIII-tubulin antibody labeling and
diI tracing for MLF tracts at E10.5 showed that longitudinal axons
continued parallel trajectories to the midline and no longitudinal
axons were observed in the ﬂoor plate at the MHB (Fig. 3A–A″).ok preparations of E9.5 embryos, showing βIII-tubulin antibody labeling of MLF and LLF
and Robo1−/−;2+/−, showing MLF and LLF tracts (arrows). A′–D′. Close-up views of the
LF tracts. A″–D″. Close-up views of the LLF bundle from the white boxes of ﬁgure A-D,
s in Robo1+/+;2+/+, Robo1−/−;2−/−, Robo1+/−;2−/− and Robo1−/−;2+/− embryos with
D′, A″–D″, 100 μm.
Fig. 3. Robo1 is required forMLF fasciculation and for preventingmidline crossing.βIII-tubulin antibody labeling and diI labeling of E10.5 embryos, showingMLF axon trajectories.
A–D. βIII-tubulin antibody labeling in Robo1+/+;2+/+, Robo1−/−;2−/−, Robo1+/−;2−/− and Robo1−/−;2+/−, showing Robo1+/−;2−/− has fasciculatedMLF tracts (arrow). A′–D′. Close-up
views of the MLF bundle at the MHB from the yellow boxes of ﬁgure A–D, showing commissural axons (CA), midline (dashed lines), and MLF (arrows). C′. The asterisk indicates midline
bundles originating from ectopic cell bodies in the ﬂoor plate (see Supplementary Fig. 2). A″–D″. DiI labeling, showing a single wildtype Robo1 allele leads to MLF axon fasciculation and
prevents midline crossing. Scale bars: A–D, A″–D″, 200 μm; A′–D′, 100 μm.
184 M. Kim et al. / Developmental Biology 358 (2011) 181–188In Robo1−/−;2−/− double mutants, both dorsal and ventral axon
populations were strongly disrupted, as previously reported (Farmer
et al., 2008). At E9.5, MLF axons failed to project parallel to themidline
and entered into the ﬂoor plate (Fig. 2B, B′). LLF axons were
disorganized and fail to merge at the MHB. These scattered LLF
axons could not project as far as the wildtype axons in r4 (Fig. 2B, B″).
βIII-tubulin labeling and diI tracing for MLF axons at E10.5 showed
that these axons deviated into the ﬂoor plate and bundled in the
midline (Fig. 3B–B″). Thus, the organized array of pioneer longitudinal
tracts is strongly disrupted by the loss of both Robo1 and 2. We then
set out to test the individual functions of each receptor.Robo1 has a distinct role in regulating trajectories of ventral axons
To test the role of Robo1, we examined embryos carrying a single
wildtype Robo1 allele, i.e. Robo1+/−;2−/−. At E9.5, MLF bundles had
normal trajectories, in which the axonswere fasciculatedwith parallel
paths to the midline (Fig. 2C, C′). At E10.5, MLF axons still had
fasciculated trajectories (Fig. 3C–C″). Interestingly, a few longitudinal
ﬁbers were observed in the ﬂoor plate, but these axons appeared to
originate not from the MLF, but from the cell bodies located in the
midline (Fig. 3C–C″, Supplementary Fig. 2). Similar to Robo1−/−;2−/−,
some populations of the LLF tracts deviated toward the midline. These
axons remained shorter thanwild type as they failed to reach down to
r4 (Fig. 2C, C″). Therefore, the single Robo1 allele appeared unable to
restore wildtype LLF trajectories.
To quantify the Robo1 effects, the position of the MLF tracts were
determined by measuring the distance between MLF bundles. The
distance was not signiﬁcantly different compared to littermatecontrols (Fig. 4A). The density of MLF ﬁbers showed that these
mutants had normal fasciculated MLF tracts (Fig. 4B).
Taken together, these results suggest that MLF trajectories could
be restored to nearly normal by a single wildtype Robo1 allele. In this
context, Robo1 functions to set the position of the MLF tracts and to
fasciculate the bundles.
Robo2 has a distinct role in regulating trajectories of dorsal axons
To test the function of Robo2, we examined embryos carrying a
single wildtype Robo2 allele, i.e. Robo1−/−;2+/−. Robo2 mostly
restored wildtype LLF axon trajectories that were strongly disrupted
in Robo1−/−;2−/− double mutants. Robo1−/−;2+/− mutants had
normal LLF trajectories in which the tracts merged at the MHB and
projected fasciculated axons down to r4 (Fig. 2D, D″).
Robo2 appeared to have some inﬂuence on MLF trajectories, but
did not completely restore them to the wildtype phenotype. MLF
axons had wider and defasciculated tracts at E9.5 and 10.5 (Figs. 2D
and3D). During early growth, unlike Robo1−/−;2−/− double mutants,
MLF axons did not enter into the ﬂoor plate when one copy of Robo2 is
present (Fig. 2D, D′). At E10.5, MLF axons were still defasciculated and
a subset population of the axons deviated into the ﬂoor plate and
crossed the midline (Fig. 3D, D′). Interestingly, the distance between
MLF bundles of the mutants was signiﬁcantly decreased compared to
littermate controls (Fig. 4A). MLF tract tracing of the mutants showed
that these axons formed wider defasciculated tracts and turned
slightly toward themidline (Fig. 3D″). MLF tract scanning showed that
the density of MLF ﬁbers was signiﬁcantly decreased compared to
wild type and Robo1+/−;2−/− embryos (Fig. 4B). In addition, some of
the axons crossed the midline when a single wildtype Robo2 allele
Fig. 4. Robo1 sets the position of the MLF tracts and induces fasciculated bundles. Summary graphs from βIII-tubulin and diI labelings, showing FP width at the MHB and MLF
fasciculation of E10.5 embryos. A. Measurement of FP width at the MHB from βIII-tubulin labeled embryos, showing the width is signiﬁcantly decreased in Robo1−/−;2+/−. B. Pixel
gray level of line scan across MLF bundles of the diI labeled images in Fig. 3A′, C′ and D′ to illustrate the distribution of MLF bundles, showing fasciculation is signiﬁcantly reduced in
Robo1−/−;2+/− embryo. * indicates pb0.05.
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ﬂoor plate (Fig. 3D″). This indicates that Robo2 prevents longitudinal
axon growth within the ﬂoor plate, but is not sufﬁcient to prevent
entering and crossing the midline. Robo2 is also not required for
proper positioning of MLF tracts. Table 1 summarizes the differences
between single Robo allele mutants and their littermate controls.
To test which Robos are important for LLF axon trajectories, we
traced LLF tracts using diI. The crystals were placed into normal LLF
path, next to the MHB (Fig. 5). As measures of the LLF trajectories, we
determined the distance and the angle between LLF tracts and the
midline. The distance was signiﬁcantly decreased and the angle was
signiﬁcantly increased when one copy of wildtype Robo2 was not
present. However, no further ventral shifting was observed in Robo2
homozygous mutants (Fig. 5D). In contrast, altering Robo1 dosage did
not change the distance and the angle. Summary graphs show the
differences between Robo2+/− or Robo2−/− and Robo2+/+ (Fig. 5G, H).
Taken together, these ﬁndings suggest that LLF tracts require Robo2 for
their normal trajectories (Supplementary Fig. 3).
Robo2 prevents ectopic neuron cell bodies in the ﬂoor plate
An observation in Robo1+/−;2−/− embryos was that some
populations of longitudinal ﬁbers were located in the ﬂoor plate.
Although the ﬂoor plate is normally devoid of any neuron cell bodies,
surprisingly, longitudinal ﬁbers appeared to originate from neuron
cell bodies located in the ﬂoor plate (Supplementary Fig. 2).
To further examine these neurons, we performed immunostaining
with βIII-tubulin on transverse cryosections at E10.5. The number of
cell bodies in the ﬂoor plate was measured at the MHB. Consistent
with whole mount observations, commissural axons crossed the FP
and no neuron cell bodies were detected in the ﬂoor plate of wildtype
embryos (Fig. 6A). In Robo1−/−;2−/− double mutants, neuron cell
bodies were seen in the ﬂoor plate (Fig. 6B, B′). Clusters of βIII-
tubulin+ cell bodies were located at and near the ventral midline,Table 1
Summary of differences between single Robo allele embryos and their littermate
controls.
Genotype Distance between
MLF bundles at the
MHB
Number of axons
cross the ML at the
MHB
Number of axons
in the FP at the
MHB
R1+/−;2−/− 1.09+0.11 (vs 1 in
control, n=4)
0.75+0.25 (vs 0 in
control, n=4)
7.5+0.29 (vs 0 in
control, n=4)
R1−/−;2+/− 0.57+0.07 (vs 1 in
control, n=5)
3.17+0.65 (vs 0 in
control, n=5)
2.29+0.45 (vs 0 in
control, n=5)generally just on the ventricular side of the commissural bundle.
Robo1+/−;2−/−mutants also had neuron cell bodies in the ﬂoor plate
(Fig. 6D, D′). However, a single wildtype Robo2 allele was sufﬁcient to
prevent the appearance of neuronal cell bodies in the ﬂoor plate,
suggesting that Robo2 is a critical regulator preventing this phenotype
(Fig. 6C; Table 2).
Discussion
The purpose of this study was to examine the distinct functions of
Robo1 and Robo2 in pioneer longitudinal axon guidance. The two
receptors are closely related: Robo1 and Robo2 have similar Slit
binding afﬁnities (Brose et al., 1999), and similar intracellular motifs
for signal transduction.Whether they are equivalent on the functional
level remains unclear, particularly for longitudinal axons. We
previously found that longitudinal pioneer axons had normal pro-
jections in Robo2 single mutants, and only a slight defasciculation of
ventral tracts in Robo1 single mutants (Farmer et al., 2008). However,
Robo1/2 double mutants had strong disruptions of all longitudinal
pioneer tracts, suggesting that Robo1 and 2 functions largely overlap.
In this study, we undertook a more sensitive genetic strategy by
assaying how longitudinal axons navigated with only one functional
copy of either Robo1 or 2.
The main conclusions are that while Robo1 and Robo2 are
genetically redundant, the two genes have distinct roles in pioneer
longitudinal axon trajectories: Robo1 has a specialized function in
ventral axons, and Robo2 in dorsal axons. An additional function for
Robo2 is to prevent neuron cell bodies from taking up residence in the
ﬂoor plate.
For Robo1 and 2 to have distinct functions, three mechanisms
could be considered: the two receptors could have spatial distinct
expression on different axon populations, the receptor expression
could overlap but have different levels of expression on different axon
populations, or the receptor expression could overlap but with each
receptor carrying out intrinsically distinct activities. Our current study
provides evidence to distinguish between these possible mechanisms
for Robo1 and 2.
Robo1 and 2 have considerable overlap in their genetic functions
Expression of different combinations of Robo isoforms in different
longitudinal tracts were the basis for a “Robo code” of three Drosophila
Robos to specify longitudinal tract positions in the Drosophila nerve
cord (Rajagopalan et al., 2000; Simpson et al., 2000). In the vertebrate
spinal cord, a more limited code with only two Robos potentially
Fig. 5. Robo2 sets the position of LLF tracts. DiI tracing for LLF axon trajectories in Robo1+/+;2+/+, Robo1+/+;2+/−, Robo1−/−;2+/− and Robo1+/−;2−/− embryos. A–D. DiI labeling
shows the distance and angle between LLF axons and the midline (dashed line). E, F. Schematics of diI labeled LLF trajectories show ventral shifting in Robo2+/− or 2−/− compared to
Robo2+/+. G, H. Summary graphs show that the distance is signiﬁcantly decreased and the angle is signiﬁcantly increased in Robo2+/− or 2−/− compared to Robo2+/+. ** indicates
pb0.001. Scale bars: A–D, 100 μm.
186 M. Kim et al. / Developmental Biology 358 (2011) 181–188differentiates between dorsal and ventral post-crossing axon types
(Long et al., 2004). In contrast, we show here that Robo1 and 2 are co-
expressed on both dorsal and ventral pioneer longitudinal axons, andFig. 6. Robo2 keeps neuron cell bodies away from the ﬂoor plate. βIII-tubulin and DAPI la
Robo1−/−;2−/−, Robo1+/−;2−/− and Robo1−/−;2+/− embryos, showing Robo1−/−;2−/− and R
neuron cell bodies in the FP. B′, D′. Close-up views of the yellow boxes from B and D. Arrowhe
20 μm.this overlap argues against a strictly segregated Robo code. These new
antibody reagents are more sensitive than those we used previously
(Farmer et al., 2008), and revised our previous conclusions of a partiallybelings on cryosections of E10.5 embryos. A–D. Antibody labeling in Robo1+/+;2+/+,
obo1+/−;2−/− have neuron cell bodies (arrows) in the FP. Robo1−/−;2+/− does not have
ads are showing fasciculated longitudinal axons in the FP. Scale bars: A–D, 50 μm; B′, D′,
Table 2
Number of cell bodies in the ﬂoor pate at the MHB in whole mount and cryosection.
Genotype Number of cell bodies Number of cell bodies/section
(whole Mount) (Cryosection)
R1+/+;2+/+ 0 (n=4) 0 (n=3)
R1+/−;2−/− 15+2.48 (n=4) 4+0.37 (n=5)
R1−/−;2+/− 2.8+0.49 (n=5) 0.75+0.48 (n=4)
R1−/−;2−/− ≫ 20 (n=4) 6.75+0.63 (n=4)
187M. Kim et al. / Developmental Biology 358 (2011) 181–188segregated pattern. In fact, the overlap of Robo1 and 2 expression in the
MLF is consistentwith the strongermidline crossing phenotypes seen in
Robo1/2 double mutants. Either Robo can partially compensate for the
loss of the other.
Robo1-speciﬁc functions in ventral longitudinal tracts
However, the expression level of the receptors clearly varies
between populations. Robo1 expression is higher on ventral axons,
and Robo2 is higher on dorsal axons. It is important to note that the
labeling intensity of the two antibodies cannot be compared to each
other, leaving unresolved whether speciﬁc axon types contain different
summed levels of Robos. A recent study revised the ﬂy Robo code with
gene swaps that show that Robo isoforms are interchangeable, implying
that the promoter-speciﬁc levels of expression are critical to set the
position of different longitudinal tracts (Spitzweck et al., 2010). Similar
gene swaps in mice have not yet beenmade. However, we observe that
the distinct roles for each Robo are consistent with their levels of
expression in different longitudinal axon types. Robo1 is clearly the
predominant functional Robo for MLF axons, as even a single Robo1
wildtype allele was sufﬁcient for MLF axons to remain ipsilateral and to
grow straight and fasciculate. In contrast, Robo2 wildtype alleles were
not sufﬁcient for MLF guidance, likely due to the very low Robo2
expression levels. Themost straight forwardmodel forMLF axons is that
Robo1 is themost importantdue to its higher level of expression, though
it is formally possible that Robo1 has aMLF-speciﬁc function that Robo2
lacks. We have evidence that MLF tract position shifts ventrally in
response to reduced Slit gene dosage and thus these axons navigate in
part by repulsion from the ventral-high gradient of Slits (Farmer et al., in
revision). The ventral Slit repulsion is counter-balanced by ventral
attractive activity, at least in part from Netrin1/DCC signaling
(Kastenhuber et al., 2009; Farmer et al., in revision).
Robo2-speciﬁc functions in dorsal longitudinal tracts
In contrast, the dependence of dorsal axons on Robo2 lends
support for the third potential mechanism of distinct functions for
each isoform. Speciﬁcally, our results suggest a Robo2-speciﬁc
function in dorsal axon guidance that Robo1 cannot provide. Both
Robos are expressed at easily detectable levels in LLF axons, but their
navigation relies heavily on Robo2. Single wildtype alleles of Robo2
are sufﬁcient for normal LLF guidance, while Robo1 function is not.
This indicates that the presence of Robo1 in LLF axons does not appear
to play a role in their guidance, as Robo1 alleles cannot compensate
for the loss of Robo2. Robo2 speciﬁes the dorsal position of the tract,
promotes growth so that the axons progress through the hindbrain,
and maintains fasciculation of the tract. The positioning function of
Robo2 implies a role in Slit signals at a long range, as LLF axons have a
position far from the ﬂoor plate. The dorsal/lateral positioning of
axons by Robo2 was also implied for post-crossing spinal cord
commissural axons, as these depend on Robo2 to contribute to the
cross-sectional area of the lateral funiculi (Jaworski et al., 2010). Given
the equivalent Slit afﬁnity of Robo1 and 2, it may be that LLF axons
have other intrinsic properties that potentiate small Slit signals. Such
differences could include co-receptors or intracellular signaling
partners, or even differences in receptor localization within thegrowth cone. The growth promoting function of Robo2 is seemingly at
odds with Slit repulsion. However, Slits increase rates of axon growth
away from Slit sources (Stein and Tessier-Lavigne, 2001). Clearly a
repellent would be more effective if it promoted the growth of axons
away rather than permanently stalling them. Finally, fasciculation has
been implicated as a Robo function, including tracts that spread
following Slit/Robo perturbations in zebraﬁsh embryos (Devine and
Key, 2008) and inmouse embryos (Dugan et al., 2011). Together these
results indicate that Slit/Robo signals function in critical and
potentially diverse ways to guide longitudinal axon trajectories.
A distinct role of Robo2 in positioning neuron cell bodies
We also found an interesting phenotype in Robo1−/−;2−/− double
mutants in which neuron cell bodies were observed in the ﬂoor plate
of the hindbrain. Moreover, Robo1+/−;2−/− and Robo1−/−;2+/−
mutants revealed that a single Robo2 allele was sufﬁcient to prevent
the appearance of the ectopic neuron cell bodies, while the presence
of Robo1 had no effect (Fig. 6). Together, these results suggest that
Slit/Robo signaling is required for keeping neuron cells away from the
ﬂoor plate during embryonic development. In several other cases,
neuron migration has been shown to be regulated by Slit/Robo
repulsion. For instance, Robo1 regulates interneuron migration in the
forebrain (Andrews et al., 2006), and Robo2 regulates migration of
Drosophila sensory neurons (Kraut and Zinn, 2004). In the hindbrain
ﬂoor plate, Slit/Robo signals prevent inferior olive (IO) neurons from
crossing the midline (Di Meglio et al., 2008). Also, the repulsive Slit/
Robo signals maintain tangential migrations of pontine neurons (PO)
by preventing ventral attraction toward the midline (Geisen et al.,
2008). Together these observations show a broad role for Slit/Robo
signals in positioning neurons and their axons.
Supplementarymaterials related to this article can be found online
at doi: 10.1016/j.ydbio.2011.07.025.
Acknowledgments
The Robo mutant founder mice were gifts of Marc Tessier-Lavigne
(Stanford; Genentech). The Robo1 and 2 antibodies were a generous
gift from Elke Stein. We would like to thank Tom Kidd and Scott Clark
for helpful comments on the manuscript. Several people in the
Mastick lab provided help and discussions on this project, including
Amy Altick, Brielle Bjorke, Farnaz Shoja-Taheri, Tatiana Fontelonga,
and Suman Gurung. Use of the Nevada Genomics Center was
supported by P20 RR-016464 from INBRE (NCRR). This projected
was supported by the March of Dimes grant #1-FY06-387, and NIH
grants HD38069 and NS054740 to GSM.
References
Andrews, W., Liapi, A., Plachez, C., Camurri, L., Zhang, J., Mori, S., Murakami, F.,
Parnavelas, J.G., Sundaresan, V., Richards, L.J., 2006. Robo1 regulates the
development of major axon tracts and interneuron migration in the forebrain.
Development 133, 2243–2252.
Brose, K., Bland, K.S., Wang, K.H., Arnott, D., Henzel, W., Goodman, C.S., Tessier-Lavigne,
M., Kidd, T., 1999. Slit proteins bind Robo receptors and have an evolutionarily
conserved role in repulsive axon guidance. Cell 96, 795–806.
Chedotal, A., Pourquie, O., Sotelo, C., 1995. Initial tract formation in the brain of the
chick embryo: selective expression of the BEN/SC1/DM-GRASP cell adhesion
molecule. Eur. J. Neurosci. 7, 198–212.
Devine, C.A., Key, B., 2008. Robo–Slit interactions regulate longitudinal axon
pathﬁnding in the embryonic vertebrate brain. Dev. Biol. 313, 371–383.
Di Meglio, T., Nguyen-Ba-Charvet, K.T., Tessier-Lavigne, M., Sotelo, C., Chedotal, A.,
2008. Molecular mechanisms controlling midline crossing by precerebellar
neurons. J. Neurosci. 28, 6285–6294.
Dugan, J.P., Stratton, A., Riley, H.P., Farmer, W.T., Mastick, G.S., 2011. Midbrain
dopaminergic axons are guided longitudinally through the diencephalon by Slit/
Robo signals. Mol. Cell. Neurosci. 46, 347–356.
Easter Jr., S.S., Burrill, J., Marcus, R.C., Ross, L.S., Taylor, J.S., Wilson, S.W., 1994. Initial
tract formation in the vertebrate brain. Prog. Brain Res. 102, 79–93.
Easter Jr., S.S., Ross, L.S., Frankfurter, A., 1993. Initial tract formation in the mouse brain.
J. Neurosci. 13, 285–299.
188 M. Kim et al. / Developmental Biology 358 (2011) 181–188Farmer, W.T., Altick, A.L., Nural, H.F., Dugan, J.P., Kidd, T., Charron, F., Mastick, G.S., 2008.
Pioneer longitudinal axons navigate using ﬂoor plate and Slit/Robo signals.
Development 135, 3643–3653.
Geisen, M.J., Di Meglio, T., Pasqualetti, M., Ducret, S., Brunet, J.F., Chedotal, A., Rijli, F.M.,
2008. Hox paralog group 2 genes control the migration of mouse pontine neurons
through Slit–Robo signaling. PLoS Biol. 6, e142.
Grieshammer, U., Ma, L., Plump, A.S.,Wang, F., Tessier-Lavigne,M.,Martin1, G.R., 2004. Slit2-
mediatedRobo2signaling restricts kidney induction toa single site.Dev. Cell 6, 709–717.
Jaworski, A., Long, H., Tessier-Lavigne, M., 2010. Collaborative and specialized functions of
Robo1 and Robo2 in spinal commissural axon guidance. J. Neurosci. 30, 9445–9453.
Kastenhuber, E., Kern, U., Bonkowsky, J.L., Chien, C.B., Driever, W., Schweitzer, J., 2009.
Netrin–DCC, Robo–Slit, and heparan sulfate proteoglycans coordinate lateral position-
ing of longitudinal dopaminergic diencephalospinal axons. J. Neurosci. 29, 8914–8926.
Kidd, T., Bland, K.S., Goodman, C.S., 1999. Slit is the midline repellent for the Robo
receptor in Drosophila. Cell 96, 785–794.
Kraut, R., Zinn, K., 2004. Roundabout 2 regulates migration of sensory neurons by
signaling in trans. Curr. Biol. 14, 1319–1329.
Long, H., Sabatier, C., Ma, L., Plump, A., Yuan, W., Ornitz, D.M., Tamada, A., Murakami, F.,
Goodman, C.S., Tessier-Lavigne, M., 2004. Conserved roles for Slit and Robo proteins
in midline commissural axon guidance. Neuron 42, 213–223.Mastick, G.S., Easter Jr., S.S., 1996. Initial organization of neurons and tracts in the
embryonic mouse fore- and midbrain. Dev. Biol. 173, 79–94.
Meijering, E., Jacob, M., Sarria, J.-C.F., Steiner, P., Hirling, H., M.U., 2004. Design and
validation of a tool for neurite tracing and analysis in ﬂuorescence microscopy
images. Cytometry 58A, 167–176.
Plump, A.S., Erskine, L., Sabatier, C., Brose, K., Epstein, C.J., Goodman, C.S., Mason, C.A.,
Tessier-Lavigne, M., 2002. Slit1 and Slit2 cooperate to prevent premature midline
crossing of retinal axons in the mouse visual system. Neuron 33, 219–232.
Rajagopalan, S., Vivancos, V., Nicolas, E., Dickson, B.J., 2000. Selecting a longitudinal
pathway: Robo receptors specify the lateral position of axons in the Drosophila
CNS. Cell 103, 1033–1045.
Simpson, J.H., Bland, K.S., Fetter, R.D., Goodman, C.S., 2000. Short-range and long-range
guidance by Slit and its Robo receptors: a combinatorial code of Robo receptors
controls lateral position. Cell 103, 1019–1032.
Spitzweck, B., Brankatschk, M., Dickson, B.J., 2010. Distinct protein domains and
expression patterns confer divergent axon guidance functions for Drosophila Robo
receptors. Cell 140, 409–420.
Stein, E., Tessier-Lavigne, M., 2001. Hierarchical organization of guidance receptors: silencing
of netrin attraction by slit through a Robo/DCC receptor complex. Science 291,
1928–1938.
